T follicular helper (TFH) cells are the CD4 + T cell subset providing help for B cells during the germinal center (GC) reaction (Crotty, 2011; Tellier and Nutt, 2013) . They are the prerequisite for the generation of high-affinity memory B cells and long-lived plasma cells. Therefore, manipulation of the TFH response is of particular clinical interest to either promote the generation of protective antibodies during vaccination or to eliminate harmful antibodies in autoimmune diseases or allergy (Craft, 2012; Tangye et al., 2013) .
The generation of TFH cells is a multistep process. Two early key events are the up-regulation of the master transcription factor Bcl-6 and the chemokine receptor CXCR5, which results in migration to the border of the T and B cell zone in secondary lymphoid organs. Here, first contact with antigen-specific B cells occurs which seems to be critical for determination of the TFH phenotype and further migration deeper into the B cell follicle, where they provide B cell help by means of high expression of CD40L and production of the cytokines IL-4 and IL-21 (Crotty, 2011; McHeyzer-Williams et al., 2012) . In contrast to other effector T cell subsets, TFH memory cells lose their prototypic markers when the GC reaction terminates (Weber et al., 2012) . The induction of the TFH phenotype is now relatively well defined, whereas factors that maintain the phenotype of already differentiated TFH cells and the ongoing GC response are still unknown, although this effector phase is of upmost importance from a clinical point of view.
The co-stimulators ICOS (inducible T cell co-stimulator) and CD28 are both important for T follicular helper (TFH) cells, yet their individual contributions are unclear. Here, we show that each molecule plays an exclusive role at different stages of TFH cell development. While CD28 regulated early expression of the master transcription factor Bcl-6, ICOS costimulation was essential to maintain the phenotype by regulating the novel TFH transcription factor Klf2 via Foxo1. Klf2 directly binds to Cxcr5, Ccr7, Psgl-1, and S1pr1, and low levels of Klf2 were essential to maintain this typical TFH homing receptor pattern. Blocking ICOS resulted in relocation of fully developed TFH cells back to the T cell zone and reversion of their phenotype to non-TFH effector cells, which ultimately resulted in breakdown of the germinal center response. Our study describes for the first time the exclusive role of ICOS and its downstream signaling in the maintenance of TFH cells by controlling their anatomical localization in the B cell follicle.
in the recipient and therefore to analyze the T cell-intrinsic effect of the respective co-stimulator deficiency. 8 d after immunization with an NP-OVA conjugate, lack of CD28 or ICOS co-stimulation resulted in a 100-fold or 25-fold reduction in the numbers of TFH cells, respectively (Fig. 1 B) .
To understand the molecular mechanisms, we first quantified the expression of key molecules for TFH cell development and function at an early point in time. 3 d after immunization (similar data were obtained for days 2 and 4; not depicted), only a small fraction of CD28-deficient T cells expressed the TFH master transcription factor Bcl-6 (Fig. 2 A) . Unexpectedly, we found that ICOS KO T cells up-regulated Bcl-6 to a similar extent as WT T cells, which seems to be in contrast to published data (Choi et al., 2011) , as discussed below. In CD28-and ICOS-deficient T cells, the regulation of the two major TFH homing chemokine receptors was significantly impaired with an incomplete down-regulation of CCR7 and reduced up-regulation of CXCR5 (Fig. 2 A) . However, when we analyzed the migration of developing TFH cells by immunohistology, ICOS-deficient T cells migrated to a similar extent as WT T cells toward the T/B cell border (Fig. 2 D) . In stark contrast, CD28-deficient T cells remained equally distributed in the T cell zone. In the WT group, some T cells had already moved deeper into the B cell zone. These cells were reduced by 50% in the ICOS KO group (unpublished data), which is in line with findings by Xu et al. (2013) , demonstrating that at later times (beyond day 4), a substantial difference regarding follicular localization of ICOS-deficient T cells develops.
For molecules that are important for B cell help, a strong difference was seen between CD28-and ICOS-deficient T cells (Fig. 2 B) . CD28 KO T cells had only minimal expression of CD40L and were not able to produce significant amounts of IL-4 and IL-21, whereas ICOS KO T cells expressed these factors similarly to their WT counterparts. We also analyzed additional transcription factors that are known to be important for early TFH cell differentiation. Ascl2, which was recently identified as a second factor, in addition to Bcl-6, for up-regulation of CXCR5 , was expressed even more highly in ICOS and CD28 KO T cells (Fig. 2 C) . Expression of c-Maf was essentially unchanged, whereas Prdm1 (encoding Blimp-1) was reduced to 50% only in CD28 KO T cells. Tbx21 (encoding T-bet) was reduced in ICOS and CD28 KO T cells whereas Gata3 was substantially reduced in CD28 KO T cells, only.
These results show that lack of CD28 co-stimulation prevents up-regulation of all major Th subset master transcription factors, including Bcl-6 and all subsequent TFH differentiation steps. In contrast, ICOS-deficient T cells only show a reduced up-regulation of CXCR5, which is independent of Bcl-6 and Ascl2 expression.
Interruption of ICOS signaling leads to a rapid loss of the TFH phenotype
The aforementioned findings indicate that ICOS might have a specific role for later events of TFH cell development. We
The blockade of T cell co-stimulatory pathways has emerged as a promising tool for the treatment of autoimmune diseases (Yao et al., 2013) . The two closely related co-stimulators CD28 and inducible T cell co-stimulator (ICOS) are both known to be important for T cell-dependent B cell responses. If appropriate co-stimulation is lacking, mice develop very small GCs and have strongly reduced numbers of TFH cells (Walker et al., 1999; McAdam et al., 2001; Tafuri et al., 2001; Akiba et al., 2005; Linterman et al., 2009; Platt et al., 2010) . A similar picture can be observed in ICOS-deficient patients, who present with the clinical phenotype of common variable immunodeficiency (Grimbacher et al., 2003; Bossaller et al., 2006) . However, the molecular mechanisms behind how ICOS and CD28 influence TFH cells are still not fully understood.
Blockade of the CD28 pathway using a CTLA-4-Ig fusion protein (Abatacept; Brystol-Myers-Squibb) is already in clinical use for the treatment of rheumatoid arthritis (Yao et al., 2013) . Recently, a blocking monoclonal antibody against ICOS-L (AMG 557; Amgen) has been successfully tested in a phase Ib study with systemic lupus erythematosus patients and is currently also evaluated for the treatment of lupus arthritis In the present study, we reveal unique contributions of the co-stimulatory molecules CD28 and ICOS for different phases of TFH cell development. We show that ICOS, unlike CD28, is not important for early events in TFH cell differentiation like up-regulation of Bcl-6 but for the maintenance of already differentiated TFH cells in the late GC reaction. We identified the transcription factor Krüppel-like factor 2 (Klf2) as a downstream target of ICOS and a novel negative regulator of TFH cell maintenance. Klf2 is repressed by ICOS via the Foxo1 pathway and controls the expression of TFH cell homing markers independently of Bcl-6 by direct binding to regulatory regions of their DNA. Once ICOS signaling is interrupted in a GC reaction, TFH cells leave the B cell zone and subsequently revert their phenotype to non-TFH effector cells. Therefore, we propose as a new concept that the anatomical localization of TFH cells in the B cell follicle determines their fate.
RESULTS

CD28 but not ICOS regulates early key events of TFH differentiation
To analyze the role of CD28 and ICOS co-stimulation for different phases of TFH cell development and the GC reaction, we used an adoptive transfer mouse model with antigenspecific T and B cells from ovalbumin-specific OT-II T cell receptor transgenic and nitrophenol (NP)-specific B1-8i B cell receptor knock-in mice, respectively. Transgenic WT, KO, and recipient's T cells within the same animal could be discriminated in flow cytometry by differential expression of congenic markers (Fig. 1 A) . The double transfer of WT and KO T cells allowed for normal differentiation of GC B cells of antigen-specific GC B cells, we co-transferred NP-specific B cells from B1-8i mice together with OT-II T cells. ICOS-L blockade on day 6 reduced the frequency of antigen-specific peanut agglutinin (PNA) + GL7 + GC B cells (Fig. 4 A) as well as serum levels of antigen-specific IgG1 and IgG2a (Fig. 4 B) by more than 75 and 50%, respectively. Histological analysis revealed that the majority of the OT-II T cells in the B cell follicle had relocated to the T cell zone (Fig. 4 C) , whereas blocking of the CD28 pathway did not have an effect on the B cell response (Fig. 4 B) or on T cell localization (Fig. 4 C) .
These experiments demonstrate a reversal of the functions of CD28 and ICOS between early and late phases of an immune response. Whereas CD28 is important for early TFH differentiation, continuous ICOS signaling is required for maintenance of the TFH phenotype. If ICOS co-stimulation is interrupted, TFH cells lose their phenotype and migrate back to the T cell zone, which results in a collapse of the GC reaction.
ICOS regulates TFH homing molecules
To gain a deeper understanding of this phenotype reversion, TFH cells were analyzed 20 h after blocking ICOS-L, while conversion was still in progress. After this short period, the intensity of CXCR5 and PD-1 staining was already diminished on TFH cells (Fig. 5 A) . At the same time, the expression of the T cell zone homing receptors CCR7 and P-selectin glycoprotein ligand-1 (PSGL-1; Haynes et al., 2007; Veerman et al., 2007; Poholek et al., 2010) increased (Fig. 5 B) . Importantly, expression of the transcription factors Bcl-6 and c-Maf by TFH cells was unchanged. Ascl2 was slightly reduced by only 16%, which is unlikely to have any biological significance (Fig. 5, B and C) . This demonstrates that ICOS primarily regulates the expression of TFH homing markers and not TFHrelated transcription factors. However, expression of Tbx21 used a blocking antibody against ICOS-L to interrupt ICOS signaling in already differentiated TFH cells. For comparison, the CD28 pathway was blocked using a CTLA-4-Ig fusion protein that binds to the receptors B7-1 (CD80) and B7-2 (CD86) with high affinity (Linsley et al., 1992) . Both reagents effectively blocked co-stimulatory signals via ICOS or CD28, as application at early times (day 1 to +1 after immunization) led to similar results in early T cell responses (day 3) as obtained with corresponding KO mice (unpublished data). Blockade of the CD28 pathway starting from day 6 did not have any effects on the frequency of CXCR5 + PD-1 + cells 48 h later. In contrast, blockade of ICOS signaling resulted in an almost complete loss of the TFH phenotype (Fig. 3 A) .
The loss of TFH cells could be explained by selective death of TFH cells, a reversion of their phenotype toward non-TFH effector cells, or T cell egress from the draining lymph node. As blocking of ICOS signaling did not increase the percentage of apoptotic cells (Fig. 3 B) , we devised a system to explicitly track the fate of TFH cells. We sorted antigenspecific TFH cells (CXCR5 + PD-1 + ) from a day 7 immune response to high purity (> 96%) and transferred them into secondary hosts. ICOS signaling was blocked and the phenotype of the transferred cells was analyzed 48 h later (Fig. 3 C , and antigen-specific T cells (Thy-1.1 + , white). The yellow dashed line demarcates the border between the T cell zone and the B cell follicle. Bars, 100 µm. Representative data from two (mRNA, cytokines, and histology) or four (all other) experiments. **, P < 0.01; ***, P < 0.001. transcription factor is highly expressed in naive T cells, strongly down-regulated shortly after T cell receptor triggering, and maintained on a lower level in activated T cells (Fig. 6 A) . The sixfold lower expression of Klf2 in TFH versus non-TFH cells made it a particularly interesting target for further analyses (Fig. 6 B) . Upon blocking ICOS-L, Klf2 was rapidly upregulated by a factor of 3.5, approaching the expression levels of non-TFH cells (Fig. 6 C) . Klf2 was originally described as a factor controlling thymocyte egress via up-regulation of sphingosine-1-phosphate receptor 1 (S1PR1) and CD62L (Carlson et al., 2006) . Therefore, we analyzed these target genes on antigen-specific TFH cells after ICOS-L blockade. CD62L and S1PR1 were up-regulated 1.6-and 2.8-fold, respectively, whereas CD69, which is inversely regulated to S1PR1 (Shiow et al., 2006) , was reduced by 30% (Fig. 6 D) . In contrast, blockade of the CD28 pathway did and Gata3 significantly increased upon blocking ICOS-L, indicating the conversion of TFH cells into other Th subsets.
ICOS down-regulates the zinc-finger transcription factor Klf2
To investigate which transcription factors are regulated by ICOS-mediated signaling and might play a role for the maintenance of the TFH phenotype, we performed a transcriptome analysis. Antigen-specific TFH cells were sorted from draining lymph nodes after 6 h of blocking ICOS-L. Comparing the ICOS-L blockade with the control group, we observed no difference for any of the transcription factors known to be important for TFH cell differentiation including Bcl-6, Blimp-1, Irf4, Ascl2, and c-Maf. However, the zinc-finger transcription factor Klf2 showed up as one of the most significantly differentially regulated genes. This To investigate whether ICOS and Klf2 are also crucial for maintenance of human TFH cells, we analyzed T cells from tonsillar tissue. Interestingly, all the aforementioned molecules regulated by ICOS correlated with the degree of ICOS expression on tonsillar T cells (Fig. 7 A) , indicating a regulation by ICOS co-stimulation. To prove the functional relevance, we blocked ICOS-signaling in an in vitro T/B cell cooperation assay. As in the mouse model, Klf2 mRNA increased more than 4.5-fold after only 6 h of ICOS-L blockade (Fig. 7 B) . Similarly, S1pr1 and Sell (encoding CD62L) levels increased 2.8-and 2.3-fold, respectively, whereas Cxcr5 expression significantly decreased. Expression of Bcl-6 was even slightly enhanced, whereas Ascl2 expression was minimally reduced, both in a range which should have no biological effects (Fig. 7 B) . not change Klf2 expression or expression of any of the latter receptors (Fig. 6 E) .
To find out how both co-stimulators regulate Klf2 expression during early T cell activation, we analyzed Klf2 expression in antigen-specific ICOS and CD28 KO T cells on day 3 (same setup as in Figs. 1 and 2) . Interestingly, the roles of ICOS and CD28 were reversed at these early time points (Fig. 6 F) . Whereas Klf2 expression was 9-fold higher in CD28 KO T cells, lack of ICOS co-stimulation increased Klf2 by a factor of 2.3 only. However, lack of both co-stimulatory pathways (transfer of ICOS KO T cells into B7 KO recipients) resulted in a strong synergistic effect (21-fold higher expression), indicating that ICOS signals can be partially replaced by CD28 during early T cell activation. 
Overexpression of Klf2 in T cells results in loss of TFH cells and terminates the GC response
To test whether suppression of Klf2 is the major mechanism by which ICOS regulates TFH cell differentiation, we overexpressed Klf2 in antigen-specific T cells. OT-II T cells were retrovirally transduced with a vector coding for Klf 2 and GFP or a control vector with GFP only. 1 d after infection, overexpression of Klf 2 in vitro resulted in a 1.7-and 2.5-fold increased expression of its known target genes CD62L and S1pr1, respectively (Fig. 8 A) . At the same time, expression levels of CD44 and other activation markers, like OX-40 and 4-1BB, were unaltered or even increased, which shows that overexpression of Klf2 did not result in a general block of T cell activation. Importantly, Bcl-6, c-Maf, Prdm1, and Ascl2 were expressed equally in both groups, demonstrating that overexpression of Klf2 did not directly regulate key factors of TFH cell differentiation. To substantiate these results, we stimulated T cells from inducible Klf2 KO mice. As expected, Klf2 mRNA and the known downstream target S1pr1 were strongly reduced, whereas expression of the TFH-related transcription factors Bcl-6, c-Maf, and Ascl-2 remained unchanged (Fig. 8 B) .
Normally, it is not possible to induce CXCR5 on stimulated T cells in vitro. The only way to do so is by overexpression of Ascl2 . To analyze the interplay of Ascl2 and Klf2 in the regulation of CXCR5, we performed double-transfection experiments with retroviral vectors encoding both transcription factors. Overexpression of Ascl2 alone resulted in a more than fivefold up-regulation of CXCR5 (Fig. 8 C) . Interestingly, Klf2 was able to block this Ascl-2-induced expression almost completely. This demonstrates that Klf2 does not regulate early factors of TFH cell differentiation like Bcl-6 and Ascl2, but counteracts the downstream events of these early factors.
To test for TFH cell differentiation in vivo, retrovirally transduced OT-II cells were transferred into recipient mice, which were injected subcutaneously with cognate antigen. Analysis of antigen-specific T cells 42 h later revealed lower expression of CXCR5 and PD-1, as well as increased expression of PSGL-1 and CD62L. On day 6 after transfer, the frequency of CXCR5 + PD-1 + TFH cells was reduced fourfold among cells overexpressing Klf2, whereas expression of PSGL-1 and CD62L was increased (Fig. 8, D 
and E).
To investigate whether Klf2 overexpression in fully matured TFH cells is able to reverse the TFH phenotype, we developed a tamoxifen-inducible expression system. 48 h after induction of Klf2 overexpression, half of the TFH cells had lost their phenotype according to CXCR5/PD-1, PSGL-1, and CD62L expression (Fig. 9 A) . In addition, the number of antigen-specific GC B cells was reduced more than twofold two days later (Fig. 9 B) . (unpublished data) as reported previously (Sebzda et al., 2008) . Therefore, we decided to induce Klf2 knockdown on day 4. In addition, we blocked ICOS-L starting on day 6, to test whether the TFH cell phenotype can still be reverted when the major ICOS downstream target is not expressed. As
To address the reverse situation to Klf2 overexpression, we adoptively transferred antigen-specific T cells from tamoxifeninducible Klf2 KO mice. Induction of Klf2 knockout during early T cell activation (day 2) resulted in a strong reduction of antigen-specific T cells in the draining lymph nodes Hprt; mean ± SEM from triplicates and two independent experiments). Dots represent individual mice, bars indicate the mean, and error bars represent the SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
anti-CD3 alone (Fig. 10 A) . In comparison, CD28 costimulation had only minor effects on Klf2 expression.
It has recently been shown that Klf2 is a direct downstream transcriptional target of Foxo1 (Fabre et al., 2008; Kerdiles et al., 2009) . Because CD28 regulates Foxo1 via the phosphatidylinositol-3-kinase (PI3K) pathway (Hedrick et al., 2012) , and the same has recently been shown for ICOS (Xiao et al., 2014) , we compared how both co-stimulatory pathways activate Foxo1. Using the in vitro co-stimulation system, we could show that ICOS substantially enhanced phosphorylation and subsequent translocation of nuclear Foxo1 to the cytosol, whereas CD28 co-stimulation had only minor effects (Fig. 10, B and C).
Klf2 directly binds to Cxcr5, Selplg, and Ccr7
To analyze binding of Klf2 to regulatory elements of the genes influenced by ICOS blocking, namely Ccr7, S1pr1, Selplg (encoding PSGL-1), and Cxcr5 (Fig. 10 D) , we performed chromatin immunoprecipitation (ChIP). It has already been shown that Klf2 directly regulates CD62L and S1pr1 (Carlson et al., 2006; Bai et al., 2007) , and we used the latter as a positive control. Precipitation of DNA bound to Klf2 resulted in a more than fivefold enrichment of sequences from the S1pr1, expected, CD62L and PSGL-1 were expressed on a lower level in the Klf2 knockdown situation. Most importantly, expression of TFH cell homing receptors was no longer changed by ICOS-L blockade (Fig. 9 C) . Unexpectedly, knockdown of Klf 2 did not result in enhanced but in diminished numbers of CXCR5 + PD-1 + TFH cells (Fig. 9 C) . This indicates that TFH cells require low, but not absent, levels of Klf2 to maintain their phenotype.
We identified Klf 2 as the major ICOS-regulated transcription factor that determines the fate of TFH cells because overexpression of Klf 2 resulted in a similar phenotype as blocking of the ICOS signaling pathway and expression of TFH-related molecules was no longer changed by ICOS-L blockade in Klf 2 KO mice.
ICOS is more potent to regulate Klf2 via Foxo1 than CD28
To obtain a more comprehensive mechanistic insight into how ICOS co-stimulation regulates Klf2 and TFH homing molecules, we performed an in-depth analysis of the involved signaling pathways. An in vitro co-stimulation system with purified T cells and plate-bound antibodies against CD3 and ICOS or CD28 revealed that ICOS co-stimulation reduced Klf2 mRNA levels eightfold compared with stimulation with Figure 7 . Analysis of human tonsillar TFH cells for ICOS-regulated genes. (A) CD3 + CD4 + T cell populations from human tonsils were defined based on differential expression of CXCR5 and ICOS (negative, low, and high). Expression of PD-1, CCR7, PSGL-1, CD62L, and CD69 on these different populations was analyzed by flow cytometry. Expression of Klf2 and S1pr1 was assessed in sorted populations by quantitative RT-PCR (bar graphs showing expression relative to Hprt; mean ± SEM from triplicates). (B) Tonsillar mononuclear cells were cultured in the presence of staphylococcal enterotoxin B (SEB) and blocking antibody against ICOS-L or isotype control. After 6 h, CXCR5 + ICOS + CD4 + T cells were sorted and expression of Klf2, S1pr1, Cxcr5, Sell (endcoding CD62L), Bcl-6, and Ascl2 mRNA was analyzed by quantitative RT-PCR (expression relative to Hprt; mean ± SEM from triplicates). One representative experiment out of two is shown. *, P < 0.05, **, P < 0.01; ***, P < 0.001.
Figure 8. Overexpression identifies Klf2 as a novel repressor of TFH cell differentiation. (A) OT-II T cells were retrovirally transduced with Klf2
cDNA or an empty control vector encoding GFP only. 24 h after infection, the expression of CD62L, CD44, OX-40, and 4-1BB on Thy-1.1 + GFP + cells was analyzed by flow cytometry in vitro (representative results from two independent experiments with quadruplicate wells). In addition, GFP + cells were sorted and expression of S1pr1, Prdm1 , and Ascl2 was measured by quantitative RT-PCR (relative to 2-microglobulin; mean ± SEM of two independent experiments with three technical replicates each). (B) OT-II x CreER T2 x Klf2 wt/wt or Klf2 fl/fl splenocytes were stimulated with OVA peptide in the presence of tamoxifen (TMX). T cells were sorted after 24 h and analyzed by quantitative RT-PCR (relative to Hprt; mean ± SEM of two independent experiments with three technical replicates each) for expression of Klf2, S1pr1, Bcl-6, Prdm1, Tbx21, Gata3, c-Maf, and Ascl2. (C) OT-II T cells were retrovirally transfected with plasmids encoding Ascl2 (hu CD4 as reporter) and Klf2 (GFP reporter) or empty vector controls. After 20 and 44 h, expression of CXCR5 was analyzed by flow cytometry. Representative experiment out of two with quadruplicates.
(D and E) OT-II T cells were retrovirally transduced
Klf2 via Foxo1 and Klf2 acts as a repressor of Cxcr5 and activator of S1pr1, Ccr7, and Selplg. DISCUSSION CD28 and ICOS are two structurally and functionally closely related T cell co-stimulators (Hutloff et al., 1999) . In this study, we analyzed the contribution of both molecules to specific phases of TFH cell differentiation and found a clearcut functional division. Although CD28 controls early events Cxcr5, Selplg, and Ccr7 promoters (Fig. 10 E) . A second potential Klf2 binding site in the intergenic region of the Cxcr5 gene (Cxcr5 up) was not addressed by Klf2. To functionally test the identified Klf2-binding site in the Cxcr5 promoter, we performed a luciferase expression assay. Overexpression of Klf2 resulted in a fourfold reduction of luciferase activity, demonstrating that Klf2 negatively regulates CXCR5 (Fig. 10 F) .
Collectively, we could unravel the complete signaling cascade upstream and downstream of Klf2. ICOS represses with Klf2 cDNA or control vector and transferred into C57BL/6 recipient mice immunized on the same day with NP-OVA. After 42 h (D) or 6 d (E), antigenspecific GFP + CD4 + T cells were analyzed for the TFH phenotype by flow cytometry. Representative contour plots for CXCR5/PD-1 expression on day 6 and bar graphs with expression of PD-1, CXCR5, PSGL-1, and CD62L are shown. Representative experiment out of three with six to seven animals per group. *, P < 0.05; **, P < 0.01; ***, P < 0.001. On day 4 after immunization, Klf2 knockdown was induced by tamoxifen. On day 6 and 7, ICOS-L was blocked using a monoclonal antibody. OT-II T cells from draining lymph nodes were analyzed on day 8 for expression of PD-1/CXCR5, CD62L, CCR7, and PSGL-1. Dots represent individual mice and bars indicate the mean. Representative experiments out of two, with five to seven animals per group. *, P < 0.05; **, P < 0.01; ***, P < 0.001. been unknown. In vitro studies suggested that ICOS signaling via c-Maf might be important for TFH cell development (Bauquet et al., 2009) , and ICOS can clearly regulate c-Maf during Th2 cell differentiation (Nurieva et al., 2003) . However, effects of ICOS co-stimulation on IL-4 production can only be observed in APC-free in vitro systems (Nurieva et al., 2003; Watanabe et al., 2005) . Since we observed no ICOSdependent regulation of c-Maf, ICOS co-stimulation for this of TFH differentiation, ICOS is important for the maintenance of the TFH phenotype.
Both co-stimulatory receptors share the ability to recruit PI3K and signal downstream via Akt. Although the general importance of PI3K for the GC reaction has been previously highlighted (Gigoux et al., 2009; Rolf et al., 2010; Xiao et al., 2014) , the exact downstream signaling mechanisms for ICOS and CD28 regarding TFH cell differentiation have Schematic representations of putative Klf2 binding sites (arrow heads) in the genes for Ccr7, S1pr1, Selplg (encoding PSGL-1), and Cxcr5 (last two diagrams). Coding regions are in blue, PCR products are indicated by red lines. Genomic regions highly conserved between human and mouse (gray histograms showing the degree of conservation) were analyzed by rVista. (E) OT-II T cells were retrovirally transfected with Klf2 containing or not containing a FLAG-tag. For both constructs, ChIP was performed with an anti-FLAG or an isotype control antibody. Putative Klf2-binding sites in the S1pr1, Cxcr5, Selplg (encoding PSGL-1), and Ccr7 genes were analyzed by quantitative RT-PCR. Necdin, which has been shown to contain no Klf2-binding sites, served as a negative control. The enrichment of Klf2-binding sites was normalized against the isotype control and is shown in comparison to the non-FLAG construct. Pooled data from 4 independent experiments, mean enrichment ± SEM. (F) HEK cells were transfected with a luciferase expression plasmid containing the Klf2-binding site from the Cxcr5 promotor in front of a SV40 minimal promotor together with a Klf2 expression plasmid or empty control plasmid. After 24 h, firefly luciferase activity (relative to renilla luciferase) was determined. Pooled data from two independent experiments, with quadruplicates. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
are already extinct (De Smedt et al., 1998; Deenick et al., 2010; Baumjohann et al., 2013; Weinstein et al., 2014) . Previously, we demonstrated antigen dependence of fully matured TFH cells by transferring sorted TFH cells either into naive hosts or mice challenged with the cognate antigen. Upon transfer into mice challenged with cognate antigen, TFH cells retained their phenotype (Weber et al., 2012) .
Why is CD28 co-stimulation no longer important for the maintenance of the TFH cell phenotype? First, we showed that CD28 is clearly inferior in regulating Klf2 compared with ICOS. This might be explained by the fact that ICOS preferentially recruits the p110/p50 isoform of PI3K, which is known to have a stronger lipid kinase activity than p110/ p85 (Fos et al., 2008) and therefore has a higher potential to phosphorylate Foxo1, resulting in lower levels of Klf2. Second, the different expression patterns and hence availability of the ligands for CD28 and ICOS might explain the inverted roles in early and late phases of the immune responses. On B cells, expression of the CD28 ligands CD80 and CD86 is much lower compared with DC in the T cell zone (Lenschow et al., 1993) , whereas ICOS-L is most highly expressed on B cells (Liang et al., 2002) . Therefore, CD28 signaling might even be able to substitute for ICOS signaling in early T-DC interactions. This situation changes once the T cell is inside the B cell follicle, where ICOS gains importance compared with CD28. The more important role of ICOS during T/B compared with T/DC interaction is also emphasized by the fact that a B cell-specific KO of ICOS-L is sufficient to significantly reduce TFH cell frequencies (Nurieva et al., 2008; Pepper et al., 2011) .
What does all of this mean for blocking ICOS and CD28 co-stimulation as a therapeutic option for the treatment of autoimmune diseases? The ability to block ICOS co-stimulation to act rapidly on already differentiated TFH cells is a clear advantage over CD28 blockade, which mainly prevents their de novo generation. With the specific effect on already differentiated effector T cells, blocking ICOS signaling does not further result in general immunosuppression. Thereby, blocking of ICOS co-stimulation is a promising new therapeutic approach to treat autoimmune diseases.
MATERIALS AND METHODS
Mice. Ovalbumin-specific TCR-transgenic OT-II mice (004194; JAX) on a WT, ICOS KO (Özkaynak et al., 2001) , or CD28 KO (J002666; JAX) background were additionally crossed to B6PL mice (000406; JAX; Thy 1.1 + ) to track cells in adoptive transfer experiments. For the inducible retroviral overexpression system, WT OT-II mice were crossed to Cre-ER T2 mice (Indra et al., 1999) . NP-specific B cell receptor knock-in B1-8i mice (Sonoda et al., 1997) were crossed to kappa-light chain KO mice (Zou et al., 1993) to ensure NPspecificity of all B cells, and Ly-5.1 mice (002014; JAX; CD45.1 + ) for tracking of transferred cells. Klf2 flox mice (Lee et al., 2006) were crossed to OT-II x CreER T2 mice. As recipient mice for adoptive transfer experiments, normal C57BL/6, CD28 KO, or CD80/CD86 double KO mice (003610; JAX) were used. All mice had been backcrossed for at least 10 generation to C57BL/6 and were bred under specific pathogen-free conditions in the animal facility of the Federal Institute for Risk Assessment (Berlin, Germany). Female mice were used for experiments at the age of 8-14 wk. Animal handling and transcription factor might have been replaced by other pathways in our in vivo model.
Using a viral infection model for TFH cell differentiation, Choi et al. (2011) recently claimed that ICOS co-stimulation is required for early up-regulation of Bcl-6. Importantly, this study analyzed Bcl-6 in coexpression with CXCR5, only. Using our protein-based immunization system and the same method of CXCR5/Bcl-6 coexpression analysis, we are able to fully reproduce these results with a highly significant difference in CXCR5/Bcl-6 double-positive cells in ICOS KO compared with WT mice and reduced Bcl-6 levels of ICOS KO T cells compared with WT CXCR5 high T cells (unpublished data) . However, our study shows that the primary defect in ICOS KO mice is the impaired up-regulation of CXCR5, not of Bcl-6. Further, we identified a novel Bcl-6-independent pathway of CXCR5 regulation in T cells via the transcriptional repressor Klf2.
We found that 20 h after ICOS-L blockade, CXCR5 and other TFH-related molecules were substantially reduced, whereas Bcl-6 protein remained unchanged at that time (Fig. 5) . The recently described ICOS-osteopontin pathway (Leavenworth et al., 2015) , which seems to act later on the TFH cell phenotype than the ICOS-Klf2 pathway, can explain the subsequent loss of Bcl-6 between 20 and 48 h of ICOS-L blockade.
Klf2 is a zinc-finger transcription factor that is widely expressed in various tissues (Hart et al., 2012) . Klf2 is thought to have an important role in the migration of T cells by upregulating S1PR1 and CD62L, two molecules important for the exit of T cells from the thymus (Carlson et al., 2006; Bai et al., 2007) . Mice with a T cell-specific KO for Klf2 have increased numbers of T cells in the thymus and in nonlymphoid tissues, which might be explained by an increased expression of inflammatory chemokine receptors (Sebzda et al., 2008) . Until now, Klf2 was only known as a factor regulating interorgan T cell migration, e.g., between thymus and secondary lymphoid organs or secondary lymphoid organs and peripheral tissues (Sinclair et al., 2008; Hart et al., 2012) . Here, we show that Klf2 also plays a key role in intraorgan TFH cell migration. Low levels of Klf2 are required to keep the typical B cell zone homing receptor pattern, with high expression of CXCR5 and low expression of CCR7, CD62L, PSGL-1, and S1PR1. The increased S1PR1 expression after blocking ICOS-L did not result in lymph node exit but in a relocation of TFH cells from the B cell follicle to the T cell zone. Subsequently, TFH cells lose expression of their master transcription factor Bcl-6, which can be explained by osteopontin-dependent degradation of Bcl-6 protein (Leavenworth et al., 2015) or by missing contact to antigen-specific B cells (Kerfoot et al., 2011) .
What could be the unique signal from B cells for TFH maintenance? One simple explanation would be T cell receptor triggering. At that stage of the immune response, only B cells still have the capability to present antigen due to their access to antigen depots on follicular dendritic cells, whereas DCs in the T cell zone, which originally presented the antigen, Histology. Lymph nodes were embedded in TissueTek OCT compound and 8 µm cryostat sections were prepared and fixed in acetone. After peroxidase inactivation and blocking of unspecific binding sites with Casein Solution (Vector Laboratories) supplemented with mAb 2.4G2 (100 µg/ml), sections were stained with FITC-coupled OX-7 (anti-Thy-1.1), Alexa Fluor 555-coupled RA3-6B2 (anti-B220), and Alexa Fluor 594-coupled GK1.5 (anti-CD4). Signals for Thy-1.1 were amplified with peroxidase-conjugated anti-FITC followed by Alexa Fluor 647-coupled tyramide (Invitrogen). Nuclei were stained with DAPI. Whole lymph node sections were captured on an LSM 780 with ZEN2010 imaging software using the tile-scan function (Carl Zeiss).
At least 6 sections from different areas of each lymph node were used for quantification of signals. For this purpose, total lymph node area (any signal) and B cell follicles (B220 + ) were defined and transgenic T cell signal (Thy-1.1) was separated from background and unified by setting an appropriate threshold. Localization of T cells was determined by automatically counting pixels positive for the Thy-1.1 signal in the distinct lymph node compartments. Mean B cell follicle sizes were similar between groups.
ELISA for NP-specific IgG. Plates were coated with NP 3 -BSA (Biosearch Technologies). Bound antibodies from sera were detected using HRPcoupled antibodies to mouse IgG1 or IgG2a (Southern Biotechnologies) and tetramethylbenzidine as substrate. As standard, NP-specific antibodies 18-1-16 (IgG1) and S43-10 (IgG2a; Reth et al., 1978) were used.
In vitro co-stimulation assays. High protein-binding capacity cell culture plates were coated with anti-CD3 (145-2C11, 5-15 ng/ml) and anti-CD28 (37.51), anti-ICOS (C398.4A), or a hamster isotype control. Purified naive CD4 + T cells (magnetic depletion of B220 + CD11b + CD11c + NK1.1 + CD8 + CD44 + cells; Miltenyi Biotec) were incubated on plates for 24 h at 37°C, 5% CO 2 .
Quantitative RT-PCR and gene expression profiling. For quantitative PCR, total RNA was isolated using the Roche High Pure RNA Isolation kit. RNA quality was checked on an Agilent Bioanalyzer and cDNA synthesized with the Applied Biosystems High Capacity cDNA kit. Gene expression was analyzed using primer/probe sets or primers in combination with SYBR Green on an Applied Biosystems 7500 Real Time PCR System. To standardize expression levels, 2-microglobulin or hypoxanthine-guanine phospho-ribosyltransferase (Hprt) as housekeeping genes were amplified.
The following Taqman assays from Applied Biosystems were used: hu Ascl2 (Hs00270888_s1), hu Bcl6 (Hs00153368_m1), hu Cxcr5 (Hs00173527_ m1), hu Hprt (Hs02800695_m1), hu S1pr1 (Hs00173499_m1), hu Sell (Hs00174151_m1), mu Ascl2 (Mm01268891_g1), mu c-maf (Mm02581355_ s1), mu Gata3 (Mm00484683_m1), mu Hprt (Mm01545399_m1), mu Klf2 (Mm01244979_g1), mu Prdm1 (Mm00476128_m1), mu S1pr1 (Mm00514644_m1), and mu Tbx21 (Mm00450960_m1). Additional primers used were as follows: hu Hprt (5-GCTATAAATTCTTTGCTGACCT-GCTG-3 and 5-AATTACTTTTATGTCCCCTGTTGACTGG-3), hu Klf2 (5-GCACGCACACAGGTGAGAAG-3 and 5-ATGTGCC-GTTTCATGTGCAGC-3), mu 2m (5-ATTCACCCCCACTGAGA-CTGA-3, 5-CTCGATCCCAGTAGACGGTC-3 and 5-FAM-TGCAGAGTTAAGCATGCCAGTATGGCCG-TAMRA-3).
For gene expression profiling, total RNA was isolated with the QIA-GEN RNeasy purification kit. Labeling and hybridization of Affymetrix Mouse Genome 430 2.0 arrays was performed according to the manufacturer's instructions. Data were further analyzed using High Performance Chip Data Analysis (HPCDA) with BioRetis database as recently validated and described (Menssen et al., 2009) . Original microarray data are available in the Gene Expression Omnibus database under the accession no. GSE49314.
Retroviral infection.
For constitutive overexpression, the coding region of Klf2 was cloned into a modified version of the retroviral expression vector pMSCV (Takara Bio Inc.) which additionally encodes GFP via an IRES site. experiments were conducted according to the German animal protection laws and approved by the responsible governmental authority (LAGeSo).
Adoptive transfer experiments. 2.5 × 10 5 naive (magnetically sorted for CD62L high ) transgenic OT-II T cells were adoptively transferred by i.v. injection into C57BL/6 mice. For some experiments, 10 6 B1-8i B cells were co-transferred. 16-24 h later, recipient mice were injected subcutaneously at the tail base with 50 µg NP-OVA in complete Freund's adjuvant (SigmaAldrich). Draining inguinal lymph nodes were analyzed as indicated. Transgenic T cells were identified in flow cytometry as CD4 + B220  CD8  Thy-1.1 + . Transgenic B cells were defined as CD19 + CD3  CD8  Ly-6G/ C  CD45.2  CD45.1 + . To block the CD28 or ICOS pathways, 240 µg CTLA-4-Ig (Linsley et al., 1992) or 150 µg MIL-5733 (Frey et al., 2010;  anti-ICOS-L) were injected i.p. twice on consecutive days. As controls, equal amounts of human Ig (Baxter) or a rat IgG2a isotype control (clone 1D10) were used. Reagents were tested to be free of endotoxin. To induce nuclear translocation of Cre-ER T2 recombinase, mice were injected i.p. with 1 mg tamoxifen (Sigma-Aldrich) dissolved in sunflower oil on two consecutive days. For induction of Cre-ER T2 recombinase in vitro, (Z)-4-hydroxy-tamoxifen (Sigma-Aldrich) was used at 3 µM final concentration.
Sorting of antigen-specific T cells. Sorting of transgenic T cells was performed as described recently (Weber et al., 2012) . In brief, transgenic T cells from inguinal lymph nodes were first enriched by magnetic sorting using Thy-1.1 microbeads (Miltenyi Biotec), followed by sorting on an ARIA II flow sorter (BD) for CD4 + B220  CD8  Thy-1.1 + CD44 high . For sorting of TFH and non-TFH cells, CXCR5 and PD-1 were used as additional markers. For the retransfer experiment, TFH cells were sorted as B220  CD8  Thy-1.2  CXCR5 + PD-1 + .
Flow cytometry. Single-cell suspensions from lymph nodes were stained with different combinations of the following monoclonal antibodies conjugated to Biotin, FITC, PE, PerCP, PE-Cy7, Alexa Fluor 647, Alexa Fluor 700, APC-Cy7, Pacific Blue, Pacific Orange, Brilliant Violet 711, or Brilliant Violet 785: KT3 (anti-CD3), YTS 191.1 or RM4-5 (anti-CD4), 53-6.72 (anti-CD8), 6D5 (anti-CD19), IM7.8.1 (anti-CD44), A20 (anti-CD45.1), 104 (anti-CD45.2), RA3-6B2 (anti-B220), MEL-14 (anti-CD62L), H1.2F3 (anti-CD69), OX-7 (anti-Thy-1.1), HO13 or 53-2.1 (anti-Thy-1.2), 2PH1 (anti-PSGL-1), 2G8 (anti-CXCR5), 4B12 (anti-CCR7), J43 or 29F.1A12 (anti-PD-1), RB6-8C5 (anti-Ly-6G/C), GL7, and PNA (anti-CG B cells). Streptavidin-PE-Cy7 was used as secondary reagent for biotinylated antibodies. Fc-receptors were blocked with 2.4G2 (anti-CD16/32). Antibodies were purchased from BioLegend, eBioscience, and BD, or were purified from hybridoma supernatants and coupled to fluorophores by standard procedures. To detect early apoptotic cells, a FITC-conjugated inhibitor of caspase-3 (CaspGLOW; eBioscience) was used according to the manufacturer's instructions.
For intracellular staining, antibodies against Bcl-6 (GI191E/A8), CD40L (MR1), anti-pFoxo1 (Ser 256), and anti-Foxo1 (C29H4; Cell Signaling Technology; in combination with Alexa Fluor 647-conjugated anti-rabbit IgG) were used together with the FoxP3 Staining Buffer Set from eBioscience. For analysis of cytokine production, cells were restimulated in vitro with OVA 323-339 peptide for 2 h in the presence of Brefeldin A, fixed with paraformaldehyde, and permeabilized with saponin. Unspecific binding sites were blocked with 100 µg/ml 2.4G2 and 50 µg/ml purified rat Ig (Nordic) and cells were stained intracellularly with PE-Cy7-conjugated BVD6-24G2 (anti-IL-4) and an IL-21R-Fc chimeric protein (R&D Systems), followed by Alexa Fluor 647-conjugated anti-human Ig.
To discriminate dead cells, DAPI was added to live cells immediately before analysis or cells were stained on ice for 25 min with 1.34 µM Pacific Orange succinimidyl ester (Invitrogen) before fixation. Cells were analyzed on an LSR II, LSR Fortessa (BD), MACSQuant (Miltenyi Biotec), or an ImageStream X Mark II (Amnis). Analysis gates were set on live cells defined by scatter characteristics and exclusion of DAPI-or Pacific Orange-positive cells. Data were further analyzed with FlowJo Software (Tree Star). assigned) which routinely provides the statistical power to detect biological significant differences in our experimental system. For RNA isolation, cells from at least 15 animals were pooled. Data are presented either showing the mean and results from single animals, or the mean with error bars (standard error of mean). No data exclusion criteria were used. Data were analyzed using GraphPad Prism 5. Differences between the means of groups were calculated using unpaired, two-tailed Student's t tests.
For inducible overexpression, the vector pMSCV-loxp-dsRed-loxp-eGFPPuro-WPRE (Koo et al., 2012) , in which the eGFP cassette has been replaced by Klf2, was used. The coding region of Ascl2 was cloned into pMSCV with a human CD4 reporter instead of GFP. Viral particles were generated in HEK293 cells by calcium phosphate transfection using the packaging plasmids pECO and pCpG. In vitro prestimulated OT-II T cells peptide for 36 h) were infected with retroviral supernatants by centrifugation for 90 min at 700× g, 32°C and 8 µg/ml polybrene. Residual virus was thoroughly washed away before the OT-II cells were used for subsequent studies. Infected cells were either directly transferred into recipient mice or cultured for additional 20 h in vitro to sort for fluorescent protein expressing cells on a FACSAria II flow sorter (BD).
ChIP. ChIP was performed as described previously (Stittrich et al., 2010) with retrovirally transduced T cells overexpressing either normal Klf2 or a FLAG-tagged version. In brief, 2 × 10 6 cells were fixed with 1% formaldehyde and chromatin was sheared to 200-800 bp of length by sonication. DNA was precipitated using 4 µg/ml monoclonal anti-FLAG antibody (clone M2; Sigma-Aldrich) or isotype control antibody (18-1-16) and measured by SYBR Green based RT-PCR for putative Klf2 binding sites. Primer pairs used were: Ccr7 (5-GGCAGGGAGGAAGTGGTAAGAG-3 and 5-CCTTGTGGCCCAGGAAGACT-3), Cxcr5 prom (5-AGGCTG-GTCACTGTCTGATGTC-3 and 5-TGTTTAAGTTTGCAGCTGAC-GCC-3), Cxcr5 up (5-CCAGTTTGCCCAGAACCAAAGAAAGTC-3 and 5-GCAAAAGGATGGCAGTCACAGG-3), Necdin (5-TTCGTC-CAGCAGAATTACCTGAAG-3 and 5-GGACCCCCAGAAGAAC-TCGTA-3), S1pr1 (5-GCCTGGCAGCTCCTAAATTCTAA-3 and 5-ATCCCCATGCCTAGTTTCAGAGT-3), and Selplg (5-CCAGACAC-TTGTGGTCCCAAT-3, 5-CCTCATTCTCGCTTCCTTCTTC-3). Fold enrichment was calculated as 2^(Ct input  Ct test ) and expressed relative to the IgG control. Putative binding sites for Klf2 (CACCC and GC-Box binding motifs such as for SP1 and MZF1) in mouse/human conserved regions of the Selplg, Cxcr5, Ccr7, and S1pr1 locus were identified with the web server of the comparative tool rVista based on the professional V10.2 library of the TRANSFAC database (matrix similarity predefined as 0.75). Necdin was used as a negative control for Klf2 binding, as previously described (Alhashem et al., 2011) .
Luciferase reporter assay. The identified KLF2-binding site in the Cxcr5 promotor (GAGGCAAGCA) was cloned into the pGL3 minimal promotor luciferase plasmid (Promega). HEK cells were cotransfected with pGL3, pcDNA3-Klf2, and pRL-TK Renilla luciferase plasmid by calcium phosphate precipitation. Luciferase activity was measured on an Orion L Microplate Luminometer (Berthold) after 24 h using the dual luciferase assay system (Promega). Data were normalized to the activity of Renilla luciferase.
Analysis of human TFH cells.
Human tonsils from patients undergoing routine tonsillectomy were obtained after informed consent and in accordance with the local ethics committee of the Charité University Medicine Berlin. Mononuclear cells were prepared by mechanical disruption of tissue and ficoll density centrifugation. The following monoclonal antibodies conjugated to Biotin, FITC, PE, Alexa Fluor 647, Alexa Fluor 700, or Pacific Blue were used for flow cytometry staining: OKT3 (anti-CD3), 91d6 (anti-CD4), 1H3 (anti-CD62L), FN50 (anti-CD69), KPL-1 (anti-PSGL-1), 3D12 (anti-CCR7), RF8B2 (anti-CXCR5), and F44 (anti-ICOS; Hutloff et al., 1999) . For functional assays, tonsillar cells were cultured in round bottom tubes in RPMI 1640 in the presence of 20 pg/ml staphylococcal enterotoxin B (Toxin Technology) and either 20 µg/ml blocking anti-ICOS-L antibody HIL-131 (Khayyamian et al., 2002) or a murine IgG1 isotype control (18-1-16). To ensure immediate T/B contact, cells were centrifuged at 50× g for 5 min.
Experimental design, data presentation, and statistical analysis. Experimental groups consisted of 5 to 8 individual mice per group (randomly
